Abstract
modeled horizontal 66 solidification of an Aluminum-Copper alloy under the 67 influence of shrinkage and buoyancy driven convection. 68 They were the first to use a continuum model to incorpo-69 rate density changes occurring during alloy solidification 70 and employed finite difference methods in all their 71 numerical examples. In Ref. [9] , the authors studied 72 the combined effect of thermosolutal buoyancy and con-73 traction driven flow on macrosegregation during the di-74 rect chill casting of a round Al-Cu ingot. They also used 75 a microscopic grain growth model where solid back-dif-76 fusion, solutal undercooling in the liquid and the effect 77 of different grain densities was incorporated. In [10, 11] , 78 modeling of directional solidification of binary and mul-79 ti-component alloys is reported in a vertical cavity 80 including an investigation of the effect of gravity and 81 variable cavity width on macrosegregation. 82 Surface unevenness or imperfections play an impor-83 tant role during early stages of solidification. They influ-84 ence heat transfer rate and fluid flow in the melt, which 85 in turn affect solute redistribution, and morphology of 86 the evolving mushy and solid zones. Very often in the 87 casting industry, mold surfaces are given an artificial 88 topography to enhance heat transfer and wettability char- 
89 acteristics. In [12] , experiments were reported involving 90 direct chill and continuous casting to study surface defects 91 in cast Aluminum alloys. Both smooth and sand blasted 92 molds were used to carry out casting experiments and 93 the effect of roughening the mold surface on the growth 94 front morphology was studied. Fig. 1 shows the impact 95 of both the molds on the front morphology and grain 96 structure in continuously cast ingots. The top left portion 97 shows a highly non-uniform shell thickness since the freez-98 ing front morphology exhibits waviness or ÔhumpsÕ. When 99 this ingot is inverted, the planar side of the ingot, which is 100 in contact with the mold, shows a columnar grain struc-101 ture that is undesirable for subsequent metal processing 102 operations. This ingot was cast with a smooth mold sur-103 face. The freezing front morphology becomes nearly par-104 abolic as shown in the lower left when a sand blasted mold 105 is used. Equiaxed grain structure forms on the planar side 106 of the ingot as shown in the lower right half of Fig. 1 . In the 107 upper right portion of the same figure, non-uniformities 108 are observed, which finally lead to the appearance of var-109 ious defects on and just below the ingot surface. An engi-110 neered mold surface, used to control heat extraction in 111 directional solidification, is shown in Fig. 2 The organization of the paper is as follows. In Sec-150 tion 2, the mathematical model along with governing 151 transport equations are discussed in brief. Derivation 152 and details of the volume averaged model, discussed 153 elsewhere, are omitted here. This is followed by the sec-154 tion on numerical examples. First, vertical solidification 155 of an Aluminum-Copper alloy from sinusoidal surfaces 156 is simulated. Inverse segregation is observed in all these 157 examples. The effect of varying surface topography on 158 inverse segregation that occurs at the bottom of the cav-159 ity is studied and quantified for few amplitude-wave-160 length combinations. Variation in midplane solute 161 concentration profiles and vertical velocities are ob-162 served with changing surface topography. Next, hori-163 zontal solidification of the same alloy in cavities, one 164 of whose sides is sinusoidal, is simulated. Here, convec-165 tion caused by thermal and solutal buoyancy dominates 166 and shrinkage driven flow is neglected by assuming den-167 sities of both phases to be equal. In this case, fluid flow 168 affects solute redistribution significantly and causes mac-169 rosegregation in the cavity. Changes in surface topogra-170 phy induce changes in heat transfer rate that affects 171 processes like phase change and convection in the cavity. 172 The resulting variation in macrosegregation with wave-173 length and amplitude is studied by using specific quanti-174 tative measures described in Section 3. Finally, 175 important observations and conclusions drawn from 176 the current analysis are summarized in Section 4. [19] . In [18] , the authors extended the previously devel-227 oped model to include the effects of shrinkage and aniso-228 tropic permeability in the mushy zone while solving the 229 fluid flow problem. Stabilizing terms and parameters 230 were developed in a more general framework in [18] to 231 incorporate effects of different phase densities and differ-232 ent types of mushy zone permeability expressions. The
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233 formulation developed is suited for a wide class of prob-234 lems. Solidification of Lead-Tin alloys was modeled to 235 study the combined effects of shrinkage and buoyancy 236 driven flow on macrosegregation. Results obtained were 237 compared with those obtained for a similar problem dis-238 cussed in [25] . The stabilized finite element methodology 239 developed in [18] is therefore used in all the numerical 240 studies here. Thermal and solute species governing equa-241 tions are discretized by SUPG based finite element method. 242 Closure of the model is obtained using a linear phase 243 diagram shown in Fig. 3 and thermodynamic relation-244 ships for the two phase region, which are listed below:
248 where h l and h s denote the solid and liquid phase enthal-249 pies given by 
264
The multistep predictor-corrector scheme is used for 265 thermal and solute problems, while the Newton-Raph-266 son scheme along with a global line search method is 267 used for the fluid flow problem. Linear systems arising 268 from finite element discretization of governing equations 269 are solved by the parallel matrix free GMRES solver. 270 This eliminates the need to assemble global matrices 271 and significantly speeds up the solution process. The 272 reader is referred to [18, 19] Table  306 1. The composition of the alloy under consideration is 307 4.1% Copper and rest Aluminum. This alloy is charac-308 terized by a wide freezing range of about 68°C and con-309 sequently a wide mushy zone. The vertical dimension of 310 the cavity is assumed to be long enough to prevent the 311 mushy zone from reaching the top surface. The volume 312 change arising due to different densities of solid and li-313 quid phases is compensated by moving the top surface 314 downwards like a rigid lid. The rate at which the lid 315 moves downward is calculated from the volume change 316 and this procedure has been discussed originally in [10] . 317 The main aim here is to study variation in fluid flow and 318 inverse segregation due to varying mold topography. In-319 verse segregation, usually found in vertically solidified 320 castings, is caused primarily by shrinkage driven flow. 
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374 enhances solute redistribution through convection and 375 this contributes to higher segregation when amplitudes 376 are increased or wavelengths reduced. Due to the higher 377 rate of heat removal, the amount of solid formed at a 378 given time is higher for a bigger amplitude and smaller 379 wavelength. This is clearly evident after comparing Figs. 380 5b, 6b, 8b and 9b. For the reference case at time t = t 1 , 381 the amount of solid formed is almost negligible when 382 compared with other cases. 383
To examine the role of shrinkage driven flow in in-384 verse segregation, some of these examples were repeated 385 after assuming phase densities of solid and liquid to be 386 equal. In this case, the driving force was thermal and sol-387 utal buoyancy and shrinkage driven flow was absent. 388 Figs. 11 and 12 show the isotherms, liquid mass frac-389 tions and liquid solute concentrations for both these 390 cases. Fig. 13 shows the midplane concentration of Cu 391 for two wavelengths. From Fig. 13 , it is evident that in-392 verse segregation is practically negligible and solute dis-393 tribution is far lower than in the preceding cases 394 involving shrinkage driven flow. This establishes the 395 importance of shrinkage driven flow in causing inverse 396 segregation in castings solidified vertically from below. 
399
Solidification of the same alloy in a horizontal cavity, 400 one of whose sides is of sinusoidal shape, is simulated 401 here. The effect of shrinkage driven flow is neglected 402 here due to the dominance of thermosolutal buoyancy 403 driven flows. Important physical properties are summa-404 rized in Table 1 and the density is taken as an average of 405 solid and liquid densities. Fig. 4 shows the problem do-406 main and the boundary conditions. The projected 407 length, L s , of the sinusoidal surface is taken to be 408 0.02 m for all numerical studies reported here. Heat is 409 removed from the uneven boundary through convec-410 tion. The finite element mesh is skewed near this bound-411 ary similar to that in the vertical solidification examples. Table 2 Maximum velocity magnitudes (jv max j), at t = 84 s with varying amplitudes and constant wavelength in Table 3 Maximum velocity magnitudes (jv max j), at t = 84 s with varying wavelengths and constant amplitude in Tables 6 and 9 show GES and DC with varying 438 amplitudes and fixed wavelength at t = 120 s. Tables 7   439  and 10 show the same quantities for varying wavelength 440 and fixed amplitude at t = 120 s. From these tables one 441 can observe that at fixed wavelength, higher the ampli-442 tude, greater is the extent of segregation. This means 443 that there are more points in the domain where the con-444 centration is different from the initial value. This can be 445 attributed to higher heat transfer rates that increase fluid Table 4 Difference between maximum and minimum solute concentrations (DC), at t = 84 s with varying amplitudes and constant wavelength in Table 5 Difference between maximum and minimum solute concentrations (DC), at t = 84 s with varying wavelengths and constant amplitude in Section 3.1 (A = 0. Table 10 Comparison of DC with varying wavelengths in Tables 11 and 12 for varying 457 amplitudes and wavelengths, respectively, at a particular 458 time, also emphasize this observation. As a consequence, 459 solute redistribution is relatively inhibited due to in-460 crease in surface unevenness, barring the reference case. 461 GES on the other hand indicates the overall extent of 462 macrosegregation. For all cases, GES increases mono-463 tonically from the initial stages and reaches a final value 464 beyond which it does not change. This is because, in la-465 ter stages, convection in the cavity is negligible due to 466 the presence of mushy zone and solid phase. Table 8 467 shows maximum GES values for different A-k combina-468 tions. In the reference example, consisting of horizontal 469 solidification in a perfectly rectangular cavity, the ampli-470 tude is taken as 0 and wavelength 1. Tables 6 and 7 , it is obvious that GES for 476 this case is the lowest in both categories. This implies 477 that under the current assumptions, increasing the sur-478 face unevenness in the form of sinusoids increases the 479 overall extent of segregation, while the degree of segre-480 gation, DC, first increases and then decreases. 
